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Savannah River Site (SRS) is historically contaminated with 137Cs. Understanding 
the subsurface mobility and behavior of cesium is imperative to risk assessments of the 
historical contamination. This study focuses on the geochemical factors influencing 
cesium sorption to SRS soils including clay composition, pH and the impact of 
competing cations. SRS soil contains both 1:1 and 2:1 phyllosilicate minerals, which 
have been found to control cesium sorption in soil systems. Kaolinite (1:1) is in relative 
abundance compared to the 2:1 fraction allowing the study of the influence 2:1 clays have 
on sorption. The 2:1 clays have been found to contain high affinity cesium sorption sites 
that can influence the sorption of cesium over time. Batch sorption and desorption 
experiments were conducted with variable ionic strength, pH and competing ion 
composition. Freundlich isotherm models were fit to the batch sorption data showing the 
impact of competing ions in the system. However, a non-equilibrium and time dependent 
reversibility behavior observed in the data informed the need for a focused kinetic 
experiment. The kinetic limitations of cesium sorption and the potential for decreased 
reversibility over time due to an observed aging process was then examined. A multi-site 
kinetic sorption model has been proposed based on these kinetic data, which describes the 
sorption as being controlled by the 1:1 and 2:1 clay fraction with emphasis on a high 
affinity 2:1 sorption site. Linear sorption behavior was observed in isotherm plots of the 
kinetic data at the lowest cesium concentrations while non-linear equations were required 
to describe the higher concentration isotherms. This is in support of the presence of a 
high affinity, low concentration sorption site which becomes saturated due to high 
 iii 
cesium/site ratios realized in the higher aqueous cesium samples. A series of column 
transport experiments at low cesium concentrations showed minimal advective or 
diffusive transport of cesium confirming the non-linear sorption behavior observed in the 
batch experiments. These columns also showed the importance of the cesium/site ratio on 
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I. INTRODUCTION
Radionuclides from the nuclear weapons production or nuclear materials 
processing may pose threats to human health if released into the environment. The 
Savannah River Site (SRS) is a Department of Energy laboratory in Aiken, SC which has 
been involved with weapons production activities for over 60 years. These operations 
produced nuclear waste in many forms that require long term storage to ensure protection 
of human health and the environmental. Shallow subsurface disposal of solid and liquid 
wastes has resulted in significant subsurface contamination of radionuclides. Of 
particular interest to this study is the fission product 137Cs which has a 30-year half-life 
(Baum et al. 2009).  
SRS has multiple low level, subsurface nuclear waste burial facilities including 
underground storage tanks, engineered waste trenches, and unlined “cribs” which 
received direct liquid effluents in the early days of materials processing. Releases from 
these facilities as well as from reactor operations have resulted in subsurface 
contamination from multiple radioisotopes including 137Cs, which is one of the major risk 
driving contaminants at SRS and similar DOE sites like Hanford in Washington. Concern 
and subsequent studies of 137Cs fate and transport in the subsurface stem from the fact 
that 137Cs  has fission yield of 6.7% and is a hard gamma emitter with a 662 keV 
emission. This study focuses on 137Cs but it is important to note that 135Cs will also be 
present and has a half-life of 2.3x106 years and emits a 269 keV beta particle (Baum et al. 
2009). Cesium persists as the monovalent cation, Cs+, that has a high solubility in water 
and relatively high mobility in the subsurface with retardation caused by sorption at the 
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mineral-water interface (Um and Serne 2005; Bradbury and Baeyens 2000). 
The reversibility of Cs sorption has been the subject of many studies with 
conclusions being drawn from batch sorption/desorption, soil extraction, and kinetic 
experiments. A study by Smith and Comans (1996) concluded that the reversibility of Cs 
adsorption to freshwater sediments in Europe is time dependent. This study describes a 
decrease in reversibility over time with the reverse process proceeding slower than the 
forward. The proposed mechanism for the decrease in reversibility was the presence of 
two cesium sorption sites with different reverse reaction rates.  Another study by 
Wampler et al. (2012) states that naturally occurring 133Cs has been retained by highly 
weathered upland soils at levels reaching 50 times that of naturally occurring K+. This 
means naturally occurring Cs has potentially been retained by SRS soils for thousands of 
years. Based on these studies and studies like them it is clear that Cs sorption is a 
parameter that needs to be examined under site specific conditions in order to assess the 
risk posed by a release event.  
Layer silicate minerals present in SRS soils are largely responsible for controlling 
Cs sorption reactions. Kaolinite is a 1:1 phyllosilicate clay that is abundant in SRS soils 
(~30% by mass) and is thought to possess ion exchange sites available to Cs on the edges 
of its layered structure (Zaunbrecher et al. 2015; Goto et al. 2008). Another group of 
phyllosilicate minerals, the 2:1 clays, are a contributing factor to Cs sorption as well. 2:1 
clays can have expansible interlayers open to aqueous ion exchange and edge sites that 
have shown to be selective for Cs sorption (Bohn, McNeal, and O’Connor 1979; Goto et 
al. 2014; Zachara et al. 2002; Zaunbrecher et al. 2015; Wampler et al. 2012). The 
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structures of a 1:1 and 2:1 phyllosilicate mineral are shown in Figure 1 (Bohn, McNeal, 
and O’Connor 1979) These phyllosilicate minerals and the exchange sites they present to 
Cs will be important to this study. 
a) 
b) 
Figure 1: a) Structure of Kaolinite showing 1:1 pattern of tetrahedral and octahedral 
layers. b) Structure of Vermiculite showing 2:1 pattern of tetrahedral and octahedral 
layers (Bohn, McNeal, and O’Connor 1979). 
Cs sorption and desorption have been found to be kinetically limited processes 
that require a fast and a slow step to be fully described. The differing rates may be a 
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manifestation of the influence of various sites with specific affinities for Cs of which two 
and three site models are most common (Smith and Comans 1996; C. Liu et al. 2003; 
Murota, Saito, and Tanaka 2016; Evans, Alberts, and Clark 1983; Poinssot, Baeyens, and 
Bradbury 1999; de Koning and Comans 2004; D. C. Liu, Hsu, and Chuang 1995). A 
decrease in extractable Cs over time, a decrease in desorption over time, and naturally 
occurring 133Cs fixation to soils all indicate an aging process may be occurring which 
results in slow or potentially irreversible sorption of Cs. Many models exist to describe 
how a fraction of Cs becomes thermodynamically stable enough to be considered non-
exchangeable with aqueous cations, where other models explain the process as becoming 
less reversible instead of non-exchangeable (Roig et al. 2007; Wampler et al. 2012; 
Zaunbrecher et al. 2015; Evans, Alberts, and Clark 1983; Steefel et al. 2003; Sawhney 
1972; Bostick et al. 2002). These conceptual and quantitative models include multi-site 
approximations, hysteretic sorption, interlayer collapse fixation, and/or mineral lattice 
migration/diffusion. The wide range in conceptual descriptions of the aging process of Cs 
sorption is to some extent an artifact of site specific data interpretation. However, these 
models each contribute to a body of work which may be compiled to develop a holistic 
description of Cs sorption behavior. The SRS soil used in this study presents an 
opportunity to study Cs sorption to a soil in which the clay fraction is dominated by 
kaolinite with only a smaller fraction of strong Cs binding phases such as hydroxy 
interlayered vermiculite, smectite, or illite. Therefore, the influence of a low 
concentration, strongly sorbing binding site can be examined.  
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II. PROJECT OVERVIEW
This project examines the fate and transport of stable 133Cs and radioactive 137Cs 
in the sandy loam Savannah River Site soil. All experiments requiring standard 
laboratory analysis of aqueous solutions (ICP-MS) have been conducted using 
stable 133Cs. Only experiments requiring lower total cesium concentrations and more 
sensitive radioanalytical techniques were conducted using radioactive 137Cs.  
A focused approach to examine geochemical controls on Cs mobility in SRS soil 
has been taken in this work. Sorption of cesium was examined in SRS soils as a function 
of pH and ionic strength using batch equilibrium and kinetic experiments and saturated 
flow column experiments. For reasons described in the narrative to follow, NaCl will be 
used as the background electrolyte solution in all experiments.  
Development of consistent distribution coefficient values has been completed 
with initial batch equilibration experiments using SRS soil. Experimentally derived 
constants were used in a transport model.  Further examination of cesium transport was 
completed in a flow-through soil columns adding a 1D transport scenario to this body of 
work. The column experiments carried out with SRS soil have provided data validation 
for the empirically derived distribution coefficients generated through the batch sorption 
experiments. As previously explained the kinetics of cesium sorption are important to our 
understanding of the system as whole. Kinetic experiments were conducted to better 
understand the relative sorption and desorption rates and evaluate the reversibility of 
cesium sorption over time.  
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GEOCHEMICAL FACTORS INFLUENCING Cs TRANSPORT 
Determination of underlying geochemical processes behind the sorption and 
therefore mobility of 137Cs through the subsurface has been the subject of many past and 
continuing studies. Variables influencing the mobility of cations include soil composition 
and structure, pH, cation exchange capacity (CEC), organic content, and concentration of 
the contaminant in the aqueous phase (Zaunbrecher et al. 2015; Steefel et al. 2003; 
Shenber and Eriksson 1993a; Zachara et al. 2002; Bradbury and Baeyens 2000). A more 
complete understanding of the variables influencing 137Cs sorption is required to develop 
robust sorption models that can accurately predict 137Cs transport throughout a range of 
chemical conditions.  
Of the variables influencing Cs sorption, the exchange sites present in a system 
are important to the overall behavior of Cs in that system. Out of the three sorption sites 
described by Bradbury et al. (1999), one site is a high affinity 137Cs exchange site that is 
described by Evans et al. (1983) as being uniquely sterioselective to 137Cs and cations of 
similar charge and size. High affinity cesium exchange sites, identified in Hanford soil 
occur at the edge of weathered micaceous minerals referred to as frayed-edge sites (FES) 
(Zachara et al. 2002; Steefel et al. 2003). At SRS the presence of high affinity exchange 
sites at the edges of weathered 2:1 clays has been observed. Studies done by Goto et al. 
(2008) and Wampler et al. (2012) have determined these sites to be associated with 
hydroxy-interlayered vermiculate (HIV).  The high affinity cesium exchange sites at SRS 
are due to weathering processes in the soil that occurs over long time scales. They are 
formed when the edges of the clay particle open up slightly from the loss of interlayer 
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cations as the soil weathers (Wampler et al. 2012; Zachara et al. 2002; Zaunbrecher et al. 
2015).  
Knowledge of different binding sites is important to an understanding of the 
complexes that may form between these sites and 137Cs which influences the reversibility 
of the sorption reaction (Cs hydration energy ~ -277 kj/mol, Na hydration energy ~ -405  
kj/mol (Kim and Kirkpatrick 1997)). The two types of complexes, inner and outer-sphere, 
that can form at the solid:water interface are dependent on 137Cs loading in the system. 
Inner-sphere complexes are formed through the electronic bonding of 137Cs at the 
interlayer wedge of 2:1 clays. These complexes form with dehydrated 137Cs and can lead 
to fixation of 137Cs via migration into the interlayer wedge from an FES and/or the 
subsequent collapse of the interlayer wedge (Evans, Alberts, and Clark 1983; Wampler et 
al. 2012; Bostick et al. 2002). These processes can lead to strongly sorbed 137Cs that can 
be difficult to desorb even with acid extraction methods, leading to 137Cs immobility 
(shown in Figure 2 by Wampler et al., 2012). Outer-sphere complexes form between 
hydrated ions and the planar binding sites at the surface of the mineral. These complexes 
are characteristic of high 137Cs loading and lead to weaker sorption that is highly 
competitive with strongly hydrated ions like Na+ (Bostick et al. 2002). The type of 
complex that forms is characteristic of both Cs loading and type of exchange site present, 
and it is factor in determining the reversibility of the sorption reaction.
8 
Studies examining how competing ions affect the sorption behavior of 137Cs 
typically use column or batch sorption experiments. The competitive ion effect occurs 
when an ion either displaces an already sorbed ion or takes up the potential exchange 
sites for the ion of concern (Cs+). For 137Cs the ions with the most competitive advantage 
for exchange sites are those with low hydration energies that can be taken up at FES and 
interlayer wedge sites (Steefel et al., 2003). Examples of the most common ions that 
compete for FES and interlayer wedge sites are K+ and Rb+ (Figure 2) (Steefel et al., 
2003; Wampler et al., 2012).  Increasing concentrations of these ions effectively decrease 
the distribution coefficient (Kd), an empirical constant determined from batch sorption 
experiments, leading to an increase in 137Cs mobility (Shenber and Eriksson 1993b). The 
Kd decreases with an increasing competing ion concentration leading to more 
mobile 137Cs with higher electrolyte concentration in the system (Zachara et al. 2002). 
Figure 2: Conceptual cross sectional view of an interlayer wedge that shows cesium 
sorbed at the interlayer wedge of micaceous sediments. This is possible due to loss of 
interlayer cations from weathering of the sediment (Wampler et al. 2012) 
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Due to its ubiquitous nature in subsurface environments, Na+ is another heavily 
studied competing ion. Sodium ions block planar (surface) sites more readily than edge 
sites or interlayer wedge sites unlike the more dehydrated K+ and Rb+ ions. The planar 
exchange site competition exhibited by Na+ occurs because Na+ is a strongly hydrated ion 
which can readily form outer-sphere complexes. Formation of outer-sphere complexes 
actively displaces 137Cs ions that form weaker complexes at these exchange sites (Bostick 
et al. 2002). The competition with Na+ leads to non-linear sorption behavior and 
increased mobility of Cs. 
An aging process that can decrease the reversibility of cesium sorption over time 
and therefore act as a natural attenuation mechanism is a focus of this study. A previous 
study by Roig et al. (2007) explains a two step sorption process where the the first step is 
a fast, reversible process that can be explained with a Kd. The second step in the process 
involves a labile fraction of cesium that becomes unavailable for exchange. This slow 
process increases the fraction of fixed cesium over time. This fraction of fixed or residual 
Cs is best quantified with soil extraction experiments, which have shown extraction 
yields decreasing with residual phase Cs reaching up to 94% over time in Fukushima 
soils (Roig et al. 2007; Qin et al. 2012). Studies specific to SRS have shown naturally 
occurring 133Cs to be less than 10% acid extractable and 137Cs to be 10-20% acid 
extractable after 15-20 years (Smith and Comans 1996; Zaunbrecher et al. 2015). The 
aging process has been explained with interlayer migration controlled by 2:1 clays, where 
cesium becomes less exchangeable as it moves into the high affinity interlayer sites (Roig 
et al. 2007; Wampler et al. 2012; Zaunbrecher et al. 2015; Evans, Alberts, and Clark 
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1983; Steefel et al. 2003). Other explanations include the diffusion into the interlayer 
coupled with a subsequent collapse of interlayer which irreversibly fixes the cesium over 
time (Sawhney 1972; Bostick et al. 2002). This aging process is important to 
understanding the mobility of cesium over time at a contaminated site and is a focus of 
this study. 
RESEARCH HYPOTHESES 
After reviewing literature focused on cesium sorption to soils it became evident 
that understanding the time dependent reversibility of the ion exchange reaction is 
important. This research is focused on finding low abundance, high energy exchange sites 
in SRS soils to understand their influence on reversibility of Cs sorption and determine 
their potential for the irreversible sorption of Cs.    
1. SRS soil has a high affinity cesium binding site that exhibits cesium selectivity
and is low in abundance in comparison to less selective exchange sites.
2. High cesium loading in the system will lead to more reversible sorption than low
cesium loading potentially due to the high affinity, low capacity binding sites
present in the soil. Changing cesium loading alters the ratio of cesium to high
affinity and low affinity sites. Increased loading saturates the high affinity sites
making the cesium/high ratio one, leading to increased sorption on low capacity
sites.
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3. Cesium sorption is an ion exchange mechanism meaning competing ions (e.g.,
Na+, K+, Mg+2, Ca+2) will influence the mobility of cesium in SRS soil. Increasing
concentrations of the competing ions will result in greater mobilization.
4. An aging process occurs that decreases the rate of Cs desorption with time. In
SRS soil used in this work, this phenomenon is proposed to be due to the presence
of a relatively low concentration of frayed edge sites on 2:1 clay minerals despite
the dominance of kaolinite clay in the soil.
RESEARCH OBJECTIVES 
As discussed above, previous studies have examined Cs sorption to a variety of 
soils and pure minerals and multiple conceptual models have been provided to explain 
the observed data. In this work, we will examine Cs sorption to a soil dominated by 1:1 
kaolinite clays and a small but unquantifiable amount of 2:1 clay minerals which contain 
the frayed edge sites which are critical for Cs sorption. This soil allows for the 
examination of Cs sorption under site limited conditions by varying the total Cs 
concentration in the system which effectively alters the ratio of Cs to high and low 
affinity sites (i.e. saturating low abundance sites at high Cs concentrations). The 
following research objectives will examine this process.   
1. Complete a series of batch sorption/desorption experiments to obtain baseline
distribution coefficients for cesium. These experiments will be conducted at
variable pH and ionic strength to determine the influence each variable has on
cesium mobility.
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2. Elucidate the influence of aging on the migration of Cs through a column packed
with SRS soil. An ex situ gamma detector will take 1-D scans of the Cs
distribution within the column to monitor Cs transport through the soil column
over periods of variable aging times.
3. Perform batch kinetic sorption and desorption experiments to monitor the
influence of Cs concentration on the reversibility of Cs sorption to SRS soil.
III. MATERIALS AND METHODS
The experiments conducted during this study can be classified in three major 
categories; batch sorption, transport and batch kinetic sorption. Although multiple 
experiments were conducted under each category, the overall methodology remained 
similar. The three methods below correspond to the three major categories of 
experimental design.  
BATCH SORPTION STUDIES 
A series of batch sorption experiments were performed to gather preliminary soil-
water distribution coefficient data. These experiments and all other experiments in this 
study were carried out using soil from SRS’s West Borrow pit. The soil is characterized 
as a sandy loam soil with 20% clay fraction, and a 0.033 meq/g CEC.  XRD analysis 
(data provided in Appendix A) of the clay fraction of an SRS soil sample indicated peaks 
at 6.1 and 12.3 2-theta (corresponding to 14.4 Å and 7.1 Å and spacing’s in the mineral 
lattice respectively). The 7.1 Å spacing is characteristic of kaolinite and the 14.4 Å peak 
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is indicative of vermiculite, a 2:1 clay. XRD analysis of an ethylene glycol saturated 
sample showed no shift in peaks ruling out smectite as the 2:1 clay. Therefore, the soil is 
dominated by kaolinite with smaller fractions of vermiculite phases.  Other characteristics 
of the soil are reported by Montegomery et al., (2017) and listed in Appendix A.  
Batch sorption experiments were conducted in suspensions of 25 g/L SRS soil in 
15mL polypropylene centrifuge tubes with a background electrolyte solution of 100 or 10 
mM NaCl (ACS reagent grade, VWR International, Radnor, Pa). A 133Cs spike solution 
was added to achieve initial cesium concentrations specific to each experiment. pH 
adjustments were made using 10 mM NaOH or HCl to reach a pH of 5 and match that of 
the SRS soil. The NaOH and HCl solutions were standard solutions from Metrohm 
(Atlanta, GA). Blank samples were prepared as well, with no soil added, to test cesium 
sorption to the test tube walls. Cesium did not sorb to the walls of the tubes. The 
suspensions were then allowed to equilibrate on a rotating sample holder for 2 - 8 days 
before sampling. Sampling involved pipetting a 1.3 mL aliquot of soil-water suspension 
into 2 mL centrifuge tubes before centrifuging the samples for 20 minutes at 8,000 rpm 
(calculated using Stokes law to remove particles >100nm from solution).  A 1 mL 
aqueous sample was then diluted into 9 mL of 2% nitric acid (HNO3) in preparation for 
aqueous cesium concentration analysis on a Thermo XSeries II inductively coupled 
plasma mass spectrometer (ICP-MS). The equilibrated solid phase concentration of 
cesium was calculated using the following equation: 
[Cs]sorbed =




Where: [Cs]sorbed : Equilibrated solid phase Cs concentration [μg/kg] 
[Cs]aq,0 : Initial aqueous Cs concentration (μg/L) 
[Cs]aq : Equilibrated aqueous Cs concentration (μg/L) 
VL : Sample liquid volume (mL) 
msoil : Sample soil mass (g) 





Trace 137Cs sorption experiments were also carried out in triplicate at 0.007 
μCi/mL concentrations. The method was largely the same as with the stable Cs however 
analysis techniques varied as a liquid scintillation counter (Perkin Elmer Tricarb 4200 
LSC) was required to analyze the samples. Sample tubes were centrifuged for 20 minutes 
at 8,000 RPM then a 4 mL aliquot was pipetted into a 20 mL LSC vial. The sample 
aliquot was then mixed with UltimaGold AB scintillating cocktail and measured with a 
60 minute count time. It should be noted that the behavior of radiocesium and stable 
cesium with respect to sorption onto soil is similar, one or the other may be chosen 
depending on the best analysis method for a specific experimental design.  
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BATCH KINETIC SORPTION EXPERIMENTS 
This series of experiments was designed to isolate the sorption and desorption 
kinetics of the cesium-SRS soil system over a 4 order of magnitude cesium concentration 
range. Cesium working solutions were prepared in 100mM NaCl with 137Cs as a 
radiotracer (~1000 dpm/mL) and 133Cs concentrations of 1x10-6, 1x10-7, 1x10-8, 1x10-9, 
and 1x10-10 M. These solutions were all adjusted to a pH of 5 and initial concentrations 
were confirmed for both stable and radiocesium via ICP-MS or liquid scintillation 
counting (LCS) analysis, respectively. Samples were prepared for each of the 133Cs 
concentrations listed above (also containing 1000 dpm/mL 137Cs) in 25 g/L SRS soil 
suspended in 35 mL of 100 mM NaCl and allowed to mix 1 hr, 3hr, 6hr, 24hr, 3 days, 7 
days and 30 days. At each time point two 1.4 mL aliquots of suspension were pipetted 
into separate 2 mL polypropylene microcentrifuge tubes for each sample. These samples 
were then centrifuged for 20 minutes at 8,000 RPM in a Beckman F2402H rotor then one 
1 mL aliquot of the supernatant was taken and acidified in 2% nitric acid for ICP-MS 
analysis. The second 1 mL aliquot of the supernatant was diluted in 19 mL High Safe III 
Liquid Scintillation Cocktail for LSC analysis of the 137Cs tracer. The fraction of 








Where:  [137Cs]frac = Equilibrated fraction of aqueous 137Cs 
(CPM) = Count rate of 137Cs measured via LSC [counts per minute] 
Vs = Volume of aqueous sample [mL] 
[CPM]0 = Initial 137Cs activity concentration [CPM/ mL] 
The concentration of aqueous 133Cs was then calculated using the following equation: 
[133Cs]aq = [137Cs]frac *[133Cs]aq,0 (4) 
Where:  [133Cs]aq : Equilibrated aqueous 133Cs concentration [μg/L] 
[137Cs]frac : Fraction of aqueous 137Cs 
*[133Cs]aq,0 : Initial 133Cs concentration (ICP-MS) [μg/L] 
The equilibrated solid phase Cs concentration was calculated using Equation 1 
and the Kd was calculated using Equation 2.  
A second sorption experiment was performed with a 1:10 dilution of the stocks 
used in the experiments described above. The dilution was performed to understand the 
influence of 10mM NaCl on a system with low aqueous cesium concentrations better. 
This experiment was performed in triplicate and was only sampled at the 30-day mark for 
comparison with the final sampling time of the kinetic sorption experiment under 100mM 
NaCl conditions.  
A desorption step of the kinetic experiment was begun after the 30 day sorption 
period. The sorption samples were centrifuged for 60 minutes at 4500 RPM in a 
Beckman SX4250 rotor then the supernatant solution was decanted, leaving only wet 
cesium loaded soil. The mass of soil and water in all samples was measured 
gravimetrically so that any aqueous Cs remaining in the pore water left behind could be 
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accounted for. The sorption samples ended up with 15 mL of solution left of the initial 35 
mL due to sampling. So 15 mL of a cesium free 100mM NaCl solution at pH 5 was 
added to each tube to promote desorption of cesium. Due to the loss of material from 
sorption sampling it was necessary to sample the desorption experiment by centrifuging 
the entire 50 mL tube instead of taking 1.4 mL aliquots for sampling. This was done to 
preserve the suspended solids concentration of the suspension and provide a maximum 
concentration gradient to promote desorption of cesium. At each sampling time (1hr, 3hr, 
6hr, 29hr, 10 day and 30 day) the whole tube was centrifuged for 60 minutes at 4500 
RPM in a Beckman SX4250 rotor. Then two 1 mL aliquots were taken for ICP-MS and 
LSC samples. The remaining supernatant was decanted so that each desorption step 
began with an aqueous cesium concentration of zero to promoted desorption. The 
equilibrated activity of 137Cs on the soil after each desorption step was calculated using 
the following equation: 
{137Cs}sorbed = {137Cs}o-{137Cs}aq (5) 
Where:  {137Cs}sorbed : Equilibrated 137Cs activity on soil [μCi] 
{137Cs}o : Initial 137Cs activity on soil [μCi] 
{137Cs}aq : Equilibrated aqueous 137Cs activity (LSC) [μCi] 









Where:  [137Cs]sorbed : Equilibrated solid-phase 137Cs concentration (μCi/kg) 
{137Cs}sorbed : Equilibrated 137Cs activity on soil (μCi) 
msoil : Sample soil mass (g) 




  (7) 
Where:  [137Cs]frac,des : Fraction of solid-phase 137Cs desorbed 
[137Cs]sorbed : Equilibrated solid-phase 137Cs concentration [μCi/kg] 
[137Cs]sorbed,o : Initial solid-phase 137Cs concentration [μCi/kg] 
The equilibrated solid-phase 133Cs concentration was calculated using the following 
equation: 
[133Cs]sorbed = [133Cs]sorbed,o *(1-[137Cs]frac,des) (8) 
The equilibrated aqueous 133Cs concentration was calculated using the following 
equation. 
[133Cs]aq = ([133Cs]sorbed,o-[133Cs]sorbed)*𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑉𝑉𝐿𝐿  (9) 
TRANSPORT EXPERIMENTS 
This series of experiments involved packing a column with SRS soil to a bulk 
density of ~1500 kg/m3 and a porosity of ~0.40. This was achieved gravimetrically by 
weighing the column empty, dry-packed and fully saturated. To ensure full saturation of 
the soil columns and saturation of exchange sites with Na+, a volume equal to 10 column 
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pore volumes of 100mM NaCl electrolyte solution was pumped through each column 
prior to spiking them with 137Cs. The flow rate of the pump was set to 0.7 mL/min in 
order to obtain a one-hour residence time, the flow rate was adjusted prior to use on each 
separate column based on the pore volume of that specific column. The background 
electrolyte solution and the 137Cs spike solutions used in these experiments were all 
adjusted to pH 5. A 22Na spike solution (0.0457 μCi/mL at 44 mL per column) was made 
so that 2 μCi of 22Na could be pumped into each column in one pore volume for an initial 
tracer test. A 137Cs solution (0.007 μCi/mL at 133 mL to pump per column) was made 
so that 1 μCi of 137Cs could be pumped into each column in 3 pore volumes.  
Effluent activity measurements in this experiment were carried out with a flow 
through NaI detector. The effluent detector was a cylindrical NaI detector with the 
effluent tube coming from the column wrapped around it. This real time effluent 
measurements of 22Na and 137Cs possible without fractional collection. The activities 
of 22Na and 137Cs were chosen based on NaI detector calibration experiments that allowed 
the total counts to be correlated to the total activity concentration. This process made 
activity balances at the end of the experiments possible. An ex-situ 1-D gamma scanner 
which consisted of a collimated bismuth germanium oxide (BGO) detector and a motor 
that incrementally moves the soil column past the colimator was also utilized to measure 
the spatial extent of cesium throughout the column, after initial spike and elution.  
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IV. RESULTS AND DISCUSSION
BATCH SORPTION 
In an attempt to fully characterize the behavior of cesium in a subsurface 
environment, knowing the distribution of the ion between the soil and aqueous phases is 
critical. Examining this distribution using batch sorption experiments is a common 
method that was utilized in this study. Batch sorption experiments were conducted to 
more fully understand how changes in the chemical conditions of the system influence 
the sorption capacity of the soil as well as the readiness of the cesium ion to sorb to the 
soil.  
The factors considered in this set of experiments were pH and ionic strength. Both 
of which have potential to influence sorption because of ion exchange mechanism that 
governs cesium sorption. Figure 3a shows the distribution of cesium over a range of 
initial aqueous concentrations from 70-1400 µg/L and pH values of 4, 5 and 6. The 
distribution of cesium between solid and aqueous phase is consistent over this range of 
pH values, indicating that H+ exchange and/or surface complexation of Cs+ have little 
influence on the behavior of cesium in this system. Equation 10 which is the Freundlich 
isotherm model where Kf is the Freundlich constant (y intercept in units of µg/kg) and n 
is the slope, is used to describe the batch sorption results. Equation 11 is the linearized 
form of the Freundlich isotherm model and was used in order to perform a linear 
regression on the data to fit the two parameters Kf and n (Table 1). The linear regression 
was done using the data analysis package in excel. The Freundlich constants and 
exponent values shown in Table 1 are consistent over the pH range with the exception of 
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the pH 5 data. This inconsistency can be seen in Figure 3a as the lowest concentration 
point of the data. Overall the data are consistent and show little influence of pH on 
cesium sorption. A kinetic effect due to differences in sampling time is seen this data as 
well as pH 4 data was sampled at 2 days, pH 5 and 7 days and pH 6 at 8 days. The pH of 
SRS soil in a 1:1 soil:water ratio by mass is 4.90. Therefore, the pore waters of this soil 
are likely to have a pH of ~5. Based on the lack of change in cesium sorption as a 
function of pH shown in Figure 3a, all further experiments were conducted at pH 5. 
[Cs]sorbed = Kf[Cs]naq (10) 
log[Cs]sorbed = log(Kf)+n*log[Cs]aq (11) 
An additional set of experiments was run in which the concentration of the NaCl 
background solution was varied with a constant pH of 5. A decrease in cesium sorption 
was observed with increasing ionic strength. This was presumably due to competition 
between Na+ and Cs+ for sorption sites (Figure 3b). The distribution coefficients were 
calculated using Equation 2 where the [Cs]aq was measured via ICP-MS and the [Cs]sorbed 
was calculated with Equation 1. The Freundlich constants and exponents (Table 1) for the 
100mM system are 104 ± 1.1 and 0.711 ± 0.017 respectively and for the 10mM system 
are 87.6 ± 1.21 and 0.835 ± 0.037 for this cesium concentration range. Higher aqueous 
cesium concentrations in the 100mM system leading to less or similar amounts of solid 
phase cesium illustrate the competing ion effect. More solid phase cesium is observed in 
the 10mM system compared to the 100mM as a result of decreased Na+ ions to compete 
with cesium for exchange sites, even though less aqueous cesium is in the system. These 
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results show a clear impact on sorption as a result of increasing the competing ion 
concentration in the system. Similar results are shown by Goto et al. 2008 in experiments 
performed on soil from SRS (Goto et al. 2008).  
Figure 3b shows the variable ionic strength data fitted with Freundlich isotherm 
models described by Equation 10. The data sets are non-linear and exhibit different 
behavior at lower cesium concentrations. The exponent, n, in the Freundlich model, in 
both cases is less than one. This non-linear behavior shows the impact Na+ has on Cs 
sorption and suggests the presence of multiple cesium exchange sites with variable 
cesium sorption affinities (Goto et al. 2008).  
The influence of Na+, Mg+2, and Ca+2 is shown by the changes in the Freundlich 
constant and exponent in Table 1. Increased concentrations of these ions cause a decrease 
in Cs+ concentration on the order Ca+2 > Mg+2 > Na+. This is consistent with the higher 
affinity of divalent cations for mineral surfaces and generally stronger sorption of Ca+2 
over Mg+2.  Thus linear sorption assumption of a Kd model fail to fully describe the 





Figure 3: a) Sorption isotherm showing influence of pH on Cs sorption to SRS soil b) 
Sorption isotherm with fit Freundlich models of variable ionic strength batch sorption 
data. Error bars represent 95% confidence intervals based off of the analytical error of 










































Table 1: Linearized Freundlich isotherm parameters and error calculated for batch 
sorption data using linear regression function in excel
Condition Kf±σx n±σn 
pH 4 (10 mM NaCl) 22 ± 1.37 0.926 ± 0.062 
pH 5 (10 mM NaCl) 87.6 ± 1.21* 0.835 ± 0.037* 
pH 6 (10 mM NaCl) 29 ± 1.31 0.985 ± 0.056 
pH 5 (100 mM NaCl) 104 ± 1.1 0.711 ± 0.017 
pH 5 (10 mM Mg2+) 281.5 ± 1.1 0.604 ± 0.017 
pH 5 (10 mM Ca2+) 480 ± 1.1 0.531 ± 0.019 
* lowest concentration point removed from linear regression
BATCH DESORPTION 
The sorption data in Figure 4 show that equilibrium is not reached within 8 days 
of contact time at these initial cesium concentrations.  Over the course of 6 months 
sorption continued further increasing the solid phase concentration as seen in Figure 4. 
After 6 months, the aqueous phase was replaced with Cs-free 100 mM NaCl and 
desorption progressed for 1 hour then the process was repeated and desorption progressed 
for 3 days. The nearly constant solid phase cesium concentration observed in Figure 4 
between the 6-month sorption data and both sets of desorption data, show relatively little 
desorption occurring. After the initial desorption step of 1 hour, where the labile fraction 
of cesium is removed from the soil the remaining cesium is strongly bound. Lack of 
desorption, even after clean water changes between each step, shows the propensity for 
retention of cesium by SRS soils. This can be shown by the increase in Kd values for 
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each data set with each desorption step. The labile Cs was removed during the 1-hour 
desorption step, leaving even less Cs available for desorption after 3 days. Thus, the Kd 
values are increasing slightly due to the decrease in the Cs partitioning to the aqueous 
phase. The proposed mechanism of the strong retention exhibited in these data is the 
presence of a high affinity, low concentration cesium exchange site.  
These data show a trend in the reversibility of cesium sorption with respect to the 
initial aqueous concentration that was observed in Fukushi et. al (2014). This trend and 
the phenomenon of cesium becoming more strongly sorbed over time can be explained 
by multiple exchange sites existing in this soil. The presence of a high energy but low 
capacity cesium exchange site is proposed in this work and fits well with trend of 
decreasing extent of desorption observed in Figure 4. As contact time increases so does 
the probability of cesium adsorbing to these high energy low capacity exchange sites. 
Meaning the desorption rate will decrease over time as a direct result of the remaining 
cesium being more strongly bound to the high affinity, low capacity site. Therefore, an 
equilibrium model inadequately describes this system at early times as equilibrium was 
not met in the initial sorption step. From these data it can be determined that equilibrium 
was not met within 8 days. Therefore, we have conducted a detailed kinetic sorption and 
desorption experiment to quantitatively determine these rates. 
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BATCH KINETIC SOPRTION 
After observing the influence time has on sorption and desorption of cesium a 
more focused approach, to elucidate the observed non-equilibrium behavior, was taken in 
a series of batch kinetic sorption and desorption experiments. The increasing 
concentration of cesium on the solid phase over of the 29 day sorption step is shown in 
Figure 5. Comparing the lowest aqueous concentration data to the highest, there is a 
higher percent sorption realized at lower aqueous concentrations illustrated by Figure 6. 
Non-equilibrium behavior occurring at up to 29 days of contact time is also shown in 
Figure 5. Batch sorption studies are typically conducted under the assumption that hours 
to a few days of contact time will be sufficient to reach equilibrium but that is clearly not 
Figure 4: Sorption and desorption isotherm plot for Cs on SRS soil from the batch 
experiments over the course of 6 months. Error bars represent 95% confidence based off 






















the case for Cs in SRS soil. Another interesting trend observed in Figure 5 is the break in 
the slope between the data points below 100 ug/kg solid phase concentration and points 
above that concentration. The break in the slope shown in Figure 5 is observed in Figure 
6 as well with respect to the total sorption percentage of cesium. The lowest four 
concentration data points all show between 90 and 92% sorption. The two highest 
aqueous cesium concentrations 13.2 and 134 μg/L decrease in percent sorption to 85 and 
49%, respectively. 
These trends observed in Figures 5 and 6 show that percent sorption depends on 
cesium loading over this range of aqueous cesium concentrations. At the lower cesium 
concentrations, the ratio of cesium to high energy sites is lower, resulting in a greater 
percent sorption and non-linear behavior of the isotherm over the full range of cesium 
concentrations. We propose that the break in slope in Figure 5 and differences in percent 
sorption in Figure 6 is the manifestation of high affinity, low capacity cesium sorption 
sites. The break in slope represents the saturation of the high affinity sites and the 
subsequent shift to lower affinity, higher capacity sorption sites.  
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Figure 5: Sorption Isotherm of Cs on SRS soil over time from kinetic sorption 




















Figure 6: Percent sorption in black bars over the course of the entire batch kinetic 
sorption experiment and percent desorption in grey bars over the course of the entire 
batch kinetic desorption experiment. Shows the impact of high energy sites at the low 
cesium concentrations. 
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The kinetic sorption data plotted as the decrease in aqueous cesium as sorption 
occurs over time is shown in Figure 7. Comparisons can be made between the lowest four 
initial concentrations in Figure 7. The decrease in aqueous cesium from the initial 
concentration to the one-hour sampling concentration is comparable for the lowest four 
concentrations but less in the higher cesium concentration samples. This initial sorption 
step is important because it represents a larger fraction of aqueous cesium sorbing to the 
soil in comparison to the 134 μg/L and 13.2 μg/L samples.  
This trend in Figure 7 illustrates a concentration independent sorption behavior 
below an initial aqueous cesium concentration of 1.5 μg/L as a result of sorption to high 
affinity, low concentration exchange sites. The concentration independence at these low 
cesium loadings is seen in Figure 5 and 6 as described above and is consistent with the 
presence of a high affinity sites taking up most of the cesium at low cesium to site ratios. 
Similar trends in Cs sorption kinetics were shown in a study done on SRS soils by Goto 
et al. (2014). 
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BATCH KINETIC DESORPTION 
At this point the batch kinetic sorption samples were centrifuged and the 
desorption experiment proceeded as described in the materials and methods section. The 
steady Cs solid concentration observed over 720 hours of contact time during the 
desorption step (Figure 8) indicates a slow and incomplete desorption process. The 
aqueous Cs concentration after the first desorption step for each sample is nearly 2 orders 
of magnitude less than the aqueous concentration from the final sorption sampling point. 
The most desorption observed in all samples was after the first step, the highest 
percentage was the 134 μg/L Cs sample with 3% of the total solid cesium desorbing in 
the first step. This illustrates the small amount of desorption occurring in the system even 
Figure 7: Decrease in aqueous cesium concentration as it sorbs to SRS soil from kinetic 
















134 μg/L 13.2 μg/L 1.5 μg/L 0.26 μg/L 0.20 μg/L 0.09 μg/L
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after replacing the water between each sampling event to maximize the concentration 
gradient between sorbed and aqueous cesium.  
Each subsequent desorption step releases less cesium from the soil even though 
more contact time is given. This confirms that cesium sorption is a reversible reaction but 
one with a significantly slower reverse rate. It also shows the lower the cesium 
concentration, the less reversible the reaction becomes. This is is complementary to the 
findings of Fukushi et al. 2014. This behavior is indicative of the presence of high 
affinity, low capacity exchange sites that take exhibit decreased desorption rates. The 
influence of the high affinity, low capacity sites is seen in Figure 6 by the low percent 
desorption realized in the lowest four aqueous cesium concentration samples.  
Cesium desorption can be described as having an initial step that releases labile 
Cs into solution followed by a slower release of cesium from high affinity cesium 
Figure 8: Desorption isotherm of Cs on SRS soil over time from kinetic desorption 





















exchange sites. This process is illustrated in Figure 9 which represents the decrease of 
solid phase cesium concentration during the desorption experiment. The desorption 
process observed in these data agrees with similar studies completed by Comans et al. 
(1991) and Liu et al. (2003). The relatively small amount of desorption occurring is 
illustrated best by the lowest four concentration data which desorbed 2.2 - 2.6% of the 
total solid phase cesium on the soil after sorption (Figure 5). The 134 μg/L sample 
desorbed 8% and the 13.2 μg/L sample 3.6% of total solid phase cesium. Even in the 
higher concentration samples, the extent of desorption realized in these experiments 
indicate the influence of a high affinity, low abundance site controlling the system. Table 
2 shows that throughout the concentration range tested, the sorption reaction has a faster 
forward rate than reverse rate. This rate limiting behavior caused by high affinity sorption 
sites is shown in Table 2 by the increased desorption Kd over a longer period of contact 
time. 
33 
Figure 9: Slowly decreasing solid phase cesium concentration as it desorbs from SRS 

















134 μg/L 13.2 μg/L 1.5 μg/L 0.26 μg/L 0.20 μg/L 0.09 μg/L
Table 2: Calculated Kd values for Cs in SRS soil at the final time point for both the 
sorption and desorption kinetic experiments, showing that the sorption process is not 
completely reversible.  
Initial Aqueous 133Cs 
[μg/L] 
Kd after 29 days 
sorption [L/kg] 
Kd after 30 days 
desorption [L/kg] 
134 39 1.84x104 
13.2 224.6 2.18x104 
1.5 459.6 2.44x104 
0.26 440.4 2.67x104 
0.20 352 2.72x104 
0.09 410.2 2.72x104 
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KINETIC AND BATCH DATA COMBINED TRENDS 
Data from the experiments presented above provide evidence of a high energy, 
low abundance cesium exchange site. This influences the sorption behavior of cesium so 
that distribution coefficients determined from high cesium concentration experiments 
differ from those from low concentration experiments.  Three different Freundlich 
models are shown in Figure 10 for data after 7 days of equilibration in both batch 
sorption and kinetic sorption experiments described above combined in one plot. Both 
experiments were conducted using a 100mM NaCl background electrolyte solution and 
25 g/L SRS soil suspended solids concentration. The 7-day kinetic data was chosen to 
closely match the equilibration time in the batch sorption experiment. The difference 
between the data set below 0.1 μg/L aqueous cesium concentration and above is 
illustrated by the type of approximation used to fit the data in each region. Linear 
approximations to both regions are shown in Figure 10. A linear approximation fits the 
low concentration data but a nonlinear equation is required to describe the high 
concentration data. The linear relationship at low concentration and nonlinear at high 
concentration is evidence of a low abundance, high energy sorption site influencing the 
data. This is because a linear fit shows that competing ions are not influencing the 
sorption so these sites are selective for cesium. The linear approximation for low 
concentration data means the sorption behavior within that concentration range is 
concentration independent (i.e. a linear Kd approximation is appropriate in Figure 10). 
The break where the curve goes from linear to non-linear is then interpreted as the high 
energy site reaching saturation. The non-linear section is where the sorption of cesium 
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shifts to a weaker sorbing but higher abundance site such as the basal plane or unfrayed 
edges of the clay mineral surface. 
A statistical slope analysis was performed on the data in Figure 10 to determine if 
the the slopes of the the two regions of data points are significantly different. A linear 
regression was performed on the low concentration data and yielded a root mean square 
error (RMSE) of 2.2%. For the high concentration data this analysis yielded a RSME of 
9.7%, while the data set as a whole yielded a 13.4% RSME. This means that the error in 
the linear regression is being minimized by fitting two separate lines to the data as shown 
in Figure 10. This analysis shows that two significantly different slopes are present in this 
data, separated by the break in slope between the four lowest concentration data points 
and the seven highest concentration points.  
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Figure 11 shows the same trend observed in Figure 10 but it represents data 
generated in the batch kinetic sorption experiments, batch sorption experiments and the 
1:10 dilution of the batch kinetic sorption samples. Releases of 137Cs may result in high 
amounts of radioactivity but due to the relatively short half-life, significant masses 
of 137Cs may not be present. Therefore, the majority of Cs in a soil sample may be from 
stable 133Cs and a detailed understanding of Cs sorption behavior across a wide range of 
concentrations is needed. The data collected in 10 mM NaCl after a 1:10 dilution of the 
100 mM NaCl working solutions complement the results previously obtained in the initial 
batch sorption experiments in which an increase in Cs sorption was observed with 
Figure 10: Sorption isotherm of Cs on SRS soil spanning 5 orders of magnitude 
showing the influence of high energy cesium exchange site. The grey circles outlined 
in black represent data from the 7-day sampling in the batch kinetic sorption 
experiment under 100mM NaCl conditions. Black squares represent initial batch 
sorption data, equilibrated for 8 days, under 100mM NaCl conditions.  
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decreasing concentrations of competing ions. The lower salt concentration leads to higher 
solid phase cesium concentrations to due the decrease in competing Na+ ions in the 
system. 
COLUMN TRANSPORT EXPERIMENT 
A series of column experiments were conducted with the parameters shown in 
Table 3. Due to a lack of cesium breakthrough observed in column 2, which was eluted 
with 128 pore volumes of 100mM NaCl, the 1-D gamma scanner described in the 
Figure 11: Sorption isotherm of Cs on SRS soil in 100 mM NaCl spanning 8 orders of 
magnitude illustrating the influence of high energy site. One experiment (1:10) was run 
in 10 mM NaCl to demonstrate the influence of ion competition. The open circles are 
the 1:10 data, the grey filled squares with black outline are the 696 hr kinetic data, the 
open squares are the 1 hr kinetic data, the triangles are the 200 day data and the black 
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Materials and Methods section was utilized to measure the spatial extent of cesium after 
elution. The 1-D gamma scanner was also used to measure the spatial extent of cesium in 
column 3 which was not eluted for the purpose isolating diffusive cesium transport. An 
efficiency calibration was performed for this detector set up in order to convert the 
measured count rate to a mass of cesium at each scan increment. This methodology and 
calculations for this efficiency calibration is found in Appendix E.  
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months 
A column transport experiment was conducted with 137Cs at a low initial 
concentration to resolve the validity of an equilibrium sorption model. The 137Cs 
concentration in the spike solution for this experiment was 0.007 μCi/mL which 
corresponds to 0.08 μg/L (6.5 x 10-10 M). Based on the initial batch sorption experiments, 
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breakthrough of Cs was expected at 80-100 pore volumes. Breakthrough of the Cs was 
not observed after 128 pore volumes of 100mM NaCl was passed through the column. 
Breakthrough was not observed as expected for the Kd measured in the initial batch 
sorption study. An explanation of lack of breakthrough is the low cesium to site ratio in 
this system. Figure 12 shows the solid phase profile of Cs in column 2 as measured by a 
1-D gamma scanning apparatus that incrementally scanned the column from top to
bottom. The cesium did not make it out of the first 3 cm of the column or significantly 
beyond the initial spike. The center of mass for the pre- and post-elution solid phase 
profiles are shown in Table 4. With these two values the total displacement due to elution 
was calculated to be 0.25 cm resulting in an effective retardation of 5116. The activity 
balance for the pre-elution scan was 133% and for the post-elution scan 96% (inset table 
Figure 12) and had a high level of uncertainty due to a low counting efficiency described 
in Appendix E. 
The dispersity of this column was determined by fitting the 22Na tracer test data 
using the analytical solution to the finite step, one-dimensional transport equation in Fjeld 
et. al 2007 (Equation 12). The model fits for the 22Na tracer effluent data are found in 
Appendix C. Applying the same equation but varying the distribution coefficient from 
200 L/kg to 50 L/kg is also shown in Figure 12. These models are a result of solving 
Table 4: Summary of the center of mass for the pre- and post-elution solid phase 
profiles in Figure 12. 




Equation 12 for concentration at distance (x) and elution time (T) and multiplying by the 
initial aqueous cesium concentration and the Kd. The predicted transport of cesium based 
on the distribution coefficients calculated in the initial batch sorption experiments is 
insufficient in describing the transport of cesium in this column. It is clear that 
extrapolation of cesium mobility from experimentally derived distribution coefficients 
under high cesium loadings is not possible. A high affinity, low concentration cesium 








Figure 12: Plot showing 137Cs solid phase concentration immediately after 2.7 pore 
volume spike and immediately after a 128 pore volume elution with 100mM NaCl. Lines 
connecting data points do not represent model fits. Inset table shows the activity balance 



























To determine the extent of diffusion and the influence of aging in a column a soil 
column (column 3) was spiked with 137Cs and set aside for 6 months. After one month, 
two months, three months and six months the solid phase cesium profile was measured 
with the 1D gamma scanner. Over the course of those 6 months, there was relatively little 
migration of Cs in the column compared with the 1-month scan (Figure 13). Calculating 
the center of mass for each profile shows that over the 6 month period between the first 
and last scan the bulk of the cesium moved a total of 0.22 cm (Table 5). The activity 
balance range from 90 to 123% (inset table Figure 13) and had a high level of uncertainty 
due to a low counting efficiency described in Appendix E.  
The potential influence of low abundance, high energy sorption sites and an aging 
process discussed in the kinetic modeling effort described below could be influencing 
these data. These data show that at the relatively low concentration of Cs used in these 
experiments, a much higher Kd value would be appropriate. This is likely due to the 
relatively low ratio of total Cs to low abundance, high energy sorption sites. If “aging” of 
sorbed Cs was occurring in the column, then we would observe a decrease in the apparent 
diffusion of Cs over time. However, the data do not have sufficient spatial resolution and 
were not run for a sufficient time in order to quantitatively evaluate this process. The 
columns were left intact and will be scanned on a yearly basis to monitor Cs diffusion. 
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V. MODELING
It is well established in the literature that accurate predictions of cesium ion 
exchange reactions in natural soils require multi-site models. Models proposing two to 
five exchange sites available for cesium sorption are common (Bradbury and Baeyens 
2000; Comans and Hockley 1992; Poinssot, Baeyens, and Bradbury 1999; Steefel et al. 
2003; Goto et al. 2008). Varying degrees of success in each models accuracy and 
Figure 13: Shows solid phase cesium profile of a column that was spiked and then 
allowed to age for 6 months without elution. Inset table shows the activity balance for the 



















Distance up Column (cm)
1 Month 2 Month 3 Month 6 Month
Table 5: Summary of the center of mass for each solid phase profile in Figure 13. 
Center of Mass (cm from bottom of column) 
1 Month Scan 2 Month Scan 3 Month Scan 6 Month Scan 
0.468 0.548 0.615 0.685 
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physical interpretation rely on the site specific soils being used. In this study, both a 
reversible two and three site model have been proposed for the sorption of cesium to SRS 
soils.  
 A conceptual interpretation of the two and three site models is shown in Figure 14 
where changes in cesium concentrations are approximated as first order reactions. Three 
distinct slopes are seen in the data shown in Figure 15 and 16 for each set of initial 
aqueous cesium concentrations.  We propose that these rates represent three different 
exchange sites available to cesium with each site having a different forward rate of the 
reaction taking place. One site represents the ion-exchange reaction of a Cs+ with the 1:1 
kaolinite fraction which comprises ~30% of this soils clay fraction by mass (Zaunbrecher 
et al., 2015). Less than 5% of SRS soil is made up of 2:1 clays which are responsible for 
the other two exchange sites proposed in the three-site conceptual model. The presence of 
a small fraction of 2:1 vermiculite clays is the 14.4 Å peak in the XRD spectrum of the 
clay fraction of the soil (Appendix A).  The two-site conceptual model accounts only for 
the 2:1 clay exchange sites, and is proposed to emphasize the significant impact 2:1 clays 
have on cesium sorption. The edges present on weathered 2:1 clays represent one site and 
the interlayer represents the second site. Both models characterize reactions between Cs 




Figure 14: Conceptual model for reversible three-site and two-site model. 














134 μg/L 13.2 μg/L 1.5, 0.26, 0.20, 0.09 μg/L
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The equations used to model the sorption behavior of cesium were all derived 
from the general set of differential equations shown in Equations 13-15. These equations 
represent a series of simplified differential forms of the overall rate of a first order 
reaction. The change in cesium concentration with respect to time (overall rate 
encompassing forward and reverse reaction rates) can be simplified using a k’ as the 
reaction rate. Equations 16-19 show k’ as both a forward and reverse rate contributing to 
the overall rate of reaction. The k’ rate includes all of the physiochemical factors 
influencing the system other than the Cs concentration such as the pH [H+], ionic strength 
[I], and suspended solids concentration [SS] (Equation 13).  


















= 𝑘𝑘[𝐶𝐶𝐶𝐶][𝑆𝑆𝑆𝑆][𝐼𝐼][𝐻𝐻+] (13) 
k’ = 𝑘𝑘[𝑆𝑆𝑆𝑆][𝐼𝐼][𝐻𝐻+] (14) 
𝜕𝜕[𝐶𝐶𝐶𝐶]
𝜕𝜕𝑡𝑡
= 𝑘𝑘′[𝐶𝐶𝐶𝐶]𝑥𝑥 (15) 
The three site model can be described by four differential equations (Equations 
16-19) where k’1, k’2 and k’3 are the forward reaction rates and k’1r, k’2r and k’3r are the
reverse reaction rates. The concentration of cesium in the system is represented by [Cs] 
with a subscript describing if it is aqueous cesium or cesium sorbed to site 1, 2, or 3. 
These sites or states include the aqueous cesium, the fraction adsorbed to kaolinite, the 
fraction adsorbed to the 2:1 edge sites denoted as site 2 and finally the fraction that has 
migrated into the interlayer of the 2:1 clays as site 3. The two-site model is described by 
Equation 16 modified by making the k’1 and k’1r rates zero, and Equations 18 and 19 as 
they are in the three-site model.  
𝜕𝜕[𝐶𝐶𝐶𝐶]𝑓𝑓𝑎𝑎
𝜕𝜕𝑡𝑡













= 𝑘𝑘′3[𝐶𝐶𝐶𝐶]2 − 𝑘𝑘′3,𝑓𝑓[𝐶𝐶𝐶𝐶]3 
(19) 
All of the rates used in Equations 16-19 are empirically derived from the kinetic 
experiments. They each represent a separate slope from curves found in Figure 15 and 16 
in units of inverse seconds. Under the first-order approximation, these rate constants 
incorporate the suspended solids concentration, the ionic strength and the pH of the 
system (Equation 15). Using the empirical rate constants as fitting parameters with rates 
derived from slope analysis as the initial values, Comsol Multiphysics was used to solve 
Equations 16-19 simultaneously for experiments at set initial cesium concentrations. The 
initial conditions assumed zero sorbed concentration and the initial aqueous phase 
concentration which varied for each experiment. These initial conditions create a 
concentration gradient that drive the aqueous cesium onto the soil. Both models exhibit 
an acceptable fit to the data but the three-site approximates the initial fast uptake of 
cesium better than the two-site model. Assuming the first step is sorption of cesium to 
grossly abundant kaolinite basal planes and edges, capturing the initial fast step in the 
three-site model is expected. This was disregarded in the two site model and the model is 
not capable of approximating both the fast initial uptake and the slower “second” step at 
intermediate sorption times. In both models, there is a transition from site 2 to site 3 
which, based on our conceptual model, is an indication of the high impact 2:1 clays have 
on Cs sorption in SRS soils. Interestingly the rate constants for cesium sorption using the 
two-site model are relatively similar (i.e. values for k2 and k3 in Figure 17), indicating 
there is relatively little impact of the total cesium concentration on these rates. There does 
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appear to be a small difference in the desorption rate constant k’2r with a decreasing rate 
constant with decreasing cesium concentration. The slower rate of change observed for 
the lower cesium concentration could be a manifestation of a decreased rate of desorption 
when cesium is bound to higher energy sites. The trends in rate constants for cesium 
sorption using the two site model hold true for the three site model with respect to the k’3, 
k’3r, and k’2r (Figure 18). However, the order of magnitude increase in k’1 and k’2 for the 
1x10-6 M sample shows the influence of increased aqueous Cs concentrations on the Cs 
to low affinity, high capacity ratio. That ratio is relatively high in this sample and so the 
rate at which sorption occurs on the first two sites increases as it becomes saturated more 
quickly due to higher levels of aqueous Cs.  
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COLUMN MODEL SITE DISTRIBUTION 
The solid phase cesium concentration column data presented earlier (Figure 13) 
can be explained using the proposed two-site model. As aging time increases the 
concentration of cesium on site 3 does as well, according to Equations 18 and 19. Site 3 
represents a highly selective exchange site with low reversibility. Therefore, as time goes 
on the cesium becomes less reversibly bound as it sorbs to site 3. Running the two-site 
model out to the times that the column was scanned reveals the extent of aging and the 
distribution of cesium at those aging times. Figure 19 shows the process of cesium 
moving to site 3 over time. 
Figure 19: Illustrates the change in cesium distribution over time on various sorption 
sites modelled with the two-site approach, for Column 3. The 4 vertical lines represent 




















Aq Cs (mol/L) Site 2 Conc (mol/L) Site 3 Conc (mol/L)
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VI. CONCLUSIONS
Understanding the distribution and subsequently the mobility of cesium in 
subsurface systems is imperative to risk assessments of accidental releases. Knowledge of 
the factors influencing the system and development of models to predict the behavior of 
the system is paramount. Due to inherent heterogeneity in natural soil systems, site 
specific data and models are important and can lead to different physical interpretations 
of data. 
The non-equilibrium behavior exhibited by this system throughout this study is 
important. Non-equilibrium behavior is observed through the variability in cesium 
distribution as a function of time. Utilizing an equilibrium model to describe this system 
would be insufficient. The kinetic sorption study illustrated differences in forward and 
reverse rates of the cesium exchange reactions that are the reasons for non-equilibrium 
behavior. The interpretation of the results provided is that 2:1 phyllosilicates control the 
non-equilibrium behavior of the system by providing exchange sites with high cesium 
affinities leading to increased levels of sorption versus desorption. Changing the ratio of 
Cs to low affinity and Cs to high affinity sites is the mechanism that influences the 
system. As the Cs to high affinity ratio increases, the site becomes saturated and Cs 
sorption changes to primarily the low affinity sites, as seen in Figure 9.   
The presence of weathered micaceous minerals in soils has been studied 
extensively as it relates to cesium sorption.  A high affinity, low capacity exchange site 
has been inferred in past studies. The frayed edge sites of 2:1 phyllosilicates are 
described in studies on Hanford soils by Zachara et al. 2002 and Steefel et al. 2003 as 
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specialized, high affinity cesium exchange sites. Studies by Zaunbrecher et al. 2015, Goto 
et al. 2014 and Wampler et al. 2012 propose hydroxy-interlayered vermiculite (HIV) as a 
high affinity exchange site in SRS soils. The potential influence of high affinity, low 
capacity cesium exchange sites present in 2:1 phyllosilicates is shown in this study. The 
2-site ion exchange model (Figure 14), accounting only for the uptake of cesium by 2:1
clays, shows the influence of a rate limiting step on the system. The rate limiting step 
being the slower desorption from the high affinity sites. The model fit is comparable to 
the 3-site (Figure 15) showing that the potential impact of the 2:1 clays on the system is 
high. The impact of a high affinity, low capacity exchange site is best observed in Figure 
8 with the linear freundlich model of the lowest concentration data points. Moving from 
linear to non-linear at 1 μg/L aqueous cesium concentration shows the saturation of this 
site and the switch to higher capacity exchange site. Figure 8 indicates that the presence 
of a high affinity, low capacity site can control the system and should be taken into 
account to accurately predict the mobility of cesium. 
The risk factors for cesium include high fission yield, high energy gamma 
emission and high solubility. The high solubility can lead to mobility in saturated porous 
materials like the one studied here. However the results of this study show that SRS soils 
exhibit a high capacity for cesium retention that can retard mobility under groundwater 
flow conditions. This retardation is quite possibly due to the sorption of cesium on high 
affinity, low capacity exchange sites and other phyllosilicate clay exchange sites present 
on both 1:1 and 2:1 clays. Therefore, under naturally prevailing chemical and advective 
conditions the mobility of 137Cs in SRS soils is expected to be minimal. 
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VII. FUTURE WORK
After observing little mobility in the aging column experiments it would be useful 
to run the experiments with varying aqueous cesium concentrations. Increasing the 
cesium concentration would increase the mobility of cesium in the system allowing 
observations to be made on concentration dependence in a transport scenario. Conducting 
these experiments in multiple columns that match the concentration ranges used in initial 
batch sorption experiments would provide data validation and increased confidence in the 
effects of cesium concentration variations on the system.  
The conceptual models provided to explain the kinetic sorption data are general 
mechanistic models. A physical interpretation of the system, with any level of confidence 
associated with it would require further experimentation. Conducting a more in depth x-
ray diffraction study on the soil used in this research with various treatments done on the 
soil to elucidate exact composition would help to further associate the conceptual model 
with physical soil components. Soil treatments would include air drying for a baseline 
spectrum, ethylene glycol saturation to identify an expansible 2:1 clay fraction, heat 
treating and potassium saturation. This series of treatments was completed by Goto et al. 
(2014) to determine the composition of 2:1 clays in soils.  
Utilizing the Cs saturated soil generated in this research to further study the 
physical interpretations of cesium exchange sites with imaging would be a logical next 
step. Adding confidence to the results obtained in the XRD study with an imaging study 
performed similarly to Liu et al. (2003) would be ideal. The x-ray microprobe images in 
that study allow for a confidence level in the physical interpretation of the system that 
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this current study has not attained. Another method that would be of use is an SEM 
analysis of cesium saturated soil utilizing the energy-dispersive detector (EDS). This 




Soil Properties and Analysis 
Table A1: Chemical and physical properties of SRS soil 
Property Measurement 
Surface Area 14.1 m2/g 
Sand/Silt/Clay 66/14/20 
Organic matter 0.90% 
CEC 3.3 meg/100g 
Acidity 2.4 meg/100g 
CBD extractable Fe 6.01 ± 0.68 mg/g 
CBD extractable Al 1.98 ± 0.20 mg/g 
Figure A1: XRD spectrum of an SRS soil sample showing the 2:1 phyllosilicate peak 






















Competing Ion Sorption Isotherm 
Figure B1: Influence of competing ions (Na+,Mg+2,Ca+2) and the influence of 
different concentrations of competing ions. Summary of these data is found in 
Table 1 in the text. 
y = 0.71x + 2.02
R² = 0.998y = 0.60x + 2.45
R² = 0.998
y = 0.53x + 2.68
R² = 0.996
































22Na Tracer Column Modeling 
Figure C1: Column 3 22Na effluent data in red and model in blue. The data was 
collecting using the NaI flow through effluent detector explained in the Materials 
and Methods section. This model fit is how we ascertained the dispersivity of the 
column. 
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Figure C2: Column 2 22Na effluent data in red and model in blue. The data was 
collecting using the NaI flow through effluent detector explained in the Materials and 
Methods section. This model fit is how we ascertained the dispersivity of the column. 
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APPENDIX D 
Data used in Figures (captions indicate Figure # in text) 
pH = 5 






pH = 6 






pH = 4 






Figure D1: Sorption isotherm data for Figure 3a from initial batch sorption 
experiments in 10mM NaCl background electrolyte solution. Data is plotted on log-
log scale in Figure 3a to increase resolution at low concentration points. 
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10 mM NaCl 






100 mM NaCl 






Figure D2: Sorption isotherm data for Figure 3b from initial batch sorption 
experiments in 100mM and 10mM NaCl background electrolyte solution. Data is 
ploted ion log-log in Figure 3b to increase resolution at low concentration points.  
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100 mM NaCl (6 months) 






100 mM NaCl (8 day) 






100 mM NaCl Desorption (1hr) 






100 mM NaCl Desorption (3 d) 






Figure D3: Sorption and desorption isotherm data for Figure 4. This is in a 100mM 




















1hr-1 134.03 89.69 1800.83 7day-1 134.03 78.75 2245.24 
1hr-2 13.21 5.04 330.83 7-day2 13.21 2.77 422.92 
1hr-3 1.48 0.35 45.70 7-day3 1.48 0.16 53.61 
1hr-4 0.26 0.06 7.84 7-day4 0.26 0.03 9.23 
1hr-5 0.20 0.05 6.02 7-day5 0.20 0.03 7.20 
1hr-6 0.09 0.02 2.74 7-day6 0.09 0.01 3.23 
3hr-1 134.03 85.82 1958.14 29day-1 134.03 65.43 2785.92 
3hr-2 13.21 4.78 341.64 29-day2 13.21 1.93 456.76 
3hr-3 1.48 0.31 47.28 29-day3 1.48 0.11 55.28 
3hr-4 0.26 0.06 8.12 29-day4 0.26 0.02 9.59 
3hr-5 0.20 0.05 6.16 29-day5 0.20 0.02 7.41 
3hr-6 0.09 0.02 2.87 29-day6 0.09 0.01 3.35 
6hr-1 134.03 86.49 1930.72 
6hr-2 13.21 4.40 356.92 
6hr-3 1.48 0.28 48.56 
6hr-4 0.26 0.05 8.28 
6hr-5 0.20 0.04 6.49 
6hr-6 0.09 0.02 2.86 
1day-1 134.03 83.82 2039.16 
1day-2 13.21 3.63 388.03 
1day-3 1.48 0.22 51.18 
1day-4 0.26 0.04 8.82 
1day-5 0.20 0.03 6.82 
1day-6 0.09 0.01 3.10 
4day-1 134.03 79.10 2230.81 
4day-2 13.21 2.99 414.12 
4day-3 1.48 0.18 52.70 
4day-4 0.26 0.03 9.09 
4day-5 0.20 0.03 7.06 
4day-6 0.09 0.01 3.12 
Figure D4: Sorption isotherm data for Figure 5 showing all sampling events. Figure 












0.080 0.490 134.03 
0.036 0.847 13.21 
0.025 0.919 1.48 
0.022 0.916 0.26 
0.027 0.897 0.20 
0.024 0.910 0.09 
Figure D5: Data for Figure 6 showing the percent sorption and desorption of each 
sample for the entirety of the batch kinetic sorption and desorption experiment. 
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Initial [Cs]aq 
(μg/L) [Cs]aq (μg/L) Time (hr) 
Initial 
[Cs]aq 
(μg/L) [Cs]aq (μg/L) Time (hr) 
134 89.69 1 0.26 0.064 1 
134 85.82 3 0.26 0.057 3 
134 86.49 6 0.26 0.053 6 
134 83.82 24 0.26 0.040 24 
134 79.10 96 0.26 0.033 96 
134 78.75 168 0.26 0.030 168 
134 65.43 696 0.26 0.021 696 
13.2 5.04 1 0.20 0.054 1 
13.2 4.78 3 0.20 0.051 3 
13.2 4.40 6 0.20 0.043 6 
13.2 3.63 24 0.20 0.035 24 
13.2 2.99 96 0.20 0.029 96 
13.2 2.77 168 0.20 0.025 168 
13.2 1.93 696 0.20 0.020 696 
1.5 0.35 1 0.091 0.023 1 
1.5 0.31 3 0.091 0.020 3 
1.5 0.28 6 0.091 0.020 6 
1.5 0.22 24 0.091 0.014 24 
1.5 0.18 96 0.091 0.014 96 
1.5 0.16 168 0.091 0.011 168 
1.5 0.11 696 0.091 0.008 696 
Figure D6: Batch kinetic sorption data shown in Figure 7. This is the decrease in 













des-1hr-1 2.18 2697.27 des-29hr-1 0.48 2604.04 
des-1hr-2 0.13 451.66 des-29hr-2 0.05 443.47 
des-1hr-3 0.01 54.88 des-29hr-3 0.0041 54.19 
des-1hr-4 0.0015 9.53 des-29hr-4 0.0007 9.42 
des-1hr-5 0.0013 7.36 des-29hr-5 0.0012 7.24 
des-1hr-6 0.0006 3.33 des-29hr-6 0.0003 3.29 
des-3hr-1 1.11 2652.38 des-10day-1 0.26 2593.34 
des-3hr-2 0.09 448.14 des-10day-2 0.03 442.08 
des-3hr-3 0.01 54.59 des-10day-3 0.0028 54.08 
des-3hr-4 0.0011 9.49 des-10day-4 0.0004 9.41 
des-3hr-5 0.0009 7.32 des-10day-5 0.0003 7.23 
des-3hr-6 0.0004 3.31 des-10day-6 0.0002 3.28 
des-6hr-1 0.71 2623.58 des-30day-1 0.13 2588.14 
des-6hr-2 0.07 445.41 des-30day-2 0.02 441.31 
des-6hr-3 0.01 54.36 des-30day-3 0.0021 53.99 
des-6hr-4 0.0009 9.45 des-30day-4 0.0003 9.39 
des-6hr-5 0.0007 7.29 des-30day-5 0.0003 7.22 
des-6hr-6 0.0003 3.30 des-30day-6 0.0001 3.27 
Figure D7: Desorption isotherm data for Figure 8 showing all sampling events. 










(μg/L) [Cs]solid (μg/kg) Time (hr) 
Initial 
[Cs]aq 
(μg/L) [Cs]solid (μg/kg) Time (hr) 
134 2785.92 0 0.26 9.59 0 
134 2697.27 1 0.26 9.53 1 
134 2652.38 3 0.26 9.49 3 
134 2623.58 6 0.26 9.45 6 
134 2604.04 29 0.26 9.42 29 
134 2593.34 242 0.26 9.41 242 
134 2588.14 720 0.26 9.39 720 
13.2 456.76 0 0.20 7.41 0 
13.2 451.66 1 0.20 7.36 1 
13.2 448.14 3 0.20 7.32 3 
13.2 445.41 6 0.20 7.29 6 
13.2 443.47 29 0.20 7.24 29 
13.2 442.08 242 0.20 7.23 242 
13.2 441.31 720 0.20 7.22 720 
1.5 55.28 0 0.091 3.35 0 
1.5 54.88 1 0.091 3.33 1 
1.5 54.59 3 0.091 3.31 3 
1.5 54.36 6 0.091 3.30 6 
1.5 54.19 29 0.091 3.29 29 
1.5 54.19 242 0.091 3.28 242 
1.5 54.08 720 0.091 3.27 720 
 
Figure D8: Batch kinetic desorption data shown in Figure 9. This is the decrease in 
solid phase Cs at each initial Cs concentration over the course of the batch kinetic 
desorption experiment.  
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[Cs]aq      




























Figure D9: Sorption isotherm data from 7-day batch kinetic sorption and initial 
100mM batch sorption experiments shown in Figure 10.  
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Figure D10: Sorption isotherm data from Figure 11 with kinetic batch sorption data 
from the 1 hour and 29 day sampling events, the 30 day sampling event from the 1:10 
dilution experiment, and the 6 month and 8 day sampling from the batch sorption 
experiment. 
69 
Figure D11: Data for Figure 12 (column 2 advective) 










Kd = 100 
L/kg 
Model 
Kd = 50 
L/kg 
0 0.078 0.016 0 0 0 
0.15 0.653 0.195 0.012 0.002 0.000 
0.30 0.881 0.365 0.026 0.005 0.001 
0.46 0.586 0.363 0.042 0.009 0.001 
0.61 0.433 0.385 0.060 0.013 0.002 
0.76 0.259 0.347 0.079 0.018 0.002 
0.91 0.143 0.288 0.100 0.023 0.003 
1.07 0.099 0.195 0.120 0.029 0.004 
1.22 0.029 0.141 0.141 0.035 0.005 
1.37 0.011 0.083 0.161 0.042 0.006 
1.52 0.016 0.022 0.179 0.050 0.007 
1.68 0.038 0.014 0.195 0.057 0.008 
1.83 0.009 0.017 0.208 0.065 0.010 
1.98 0.012 0.000 0.218 0.074 0.012 
2.13 0.001 0.010 0.225 0.082 0.013 
2.29 0.001 0.000 0.228 0.090 0.015 
2.44 0.000 0.000 0.228 0.098 0.018 
2.59 0.000 0.000 0.224 0.106 0.020 
2.74 0.008 0.010 0.217 0.113 0.022 
2.90 0.000 0.008 0.207 0.120 0.025 
3.05 0.000 0.000 0.195 0.126 0.028 
3.20 0.000 0.000 0.181 0.132 0.031 
3.35 0.000 2.460 0.166 0.136 0.034 
3.51 0.150 0.140 0.037 
3.66 0.134 0.143 0.040 
3.81 0.118 0.144 0.043 
3.96 0.103 0.145 0.047 
4.11 0.088 0.144 0.050 
4.27 0.075 0.143 0.054 
4.42 0.063 0.140 0.057 
4.57 0.052 0.137 0.061 
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Figure D11: Continued 








Kd = 100  
Model 
Kd = 50 
4.72 0.042 0.133 0.064 
4.88 0.034 0.128 0.068 
5.03 0.027 0.123 0.071 
5.18 0.021 0.116 0.074 
5.33 0.017 0.110 0.077 
5.49 0.013 0.103 0.080 
5.64 0.010 0.096 0.083 
5.79 0.007 0.089 0.085 
5.94 0.005 0.082 0.087 
6.10 0.004 0.075 0.089 
6.25 0.003 0.068 0.091 
6.40 0.002 0.062 0.092 
6.55 0.001 0.055 0.094 
6.71 0.001 0.049 0.094 
6.86 0.001 0.044 0.095 
7.01 0.000 0.039 0.095 
7.16 0.000 0.034 0.095 
7.32 0.000 0.029 0.094 
7.47 0.000 0.026 0.094 
7.62 0.000 0.022 0.093 
7.77 0.000 0.019 0.091 
7.92 0.000 0.016 0.090 
8.08 0.000 0.013 0.088 
8.23 0.000 0.011 0.086 
8.38 0.000 0.009 0.084 
8.53 0.000 0.008 0.081 
8.69 0.000 0.006 0.078 
8.84 0.000 0.005 0.076 
8.99 0.000 0.004 0.073 
9.14 0.000 0.003 0.070 
9.30 0.000 0.003 0.066 
9.45 0.000 0.002 0.063 
9.60 0.000 0.002 0.060 
9.75 0.000 0.001 0.057 
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Figure D12: Data for Figure 13 (column 3 diffusion) 
Calculated solid phase Cs (ug/kg) 
Distance 
(cm) 
1 Month 2 Month 3 Month 6 Month 
0 1.58E-01 1.54E-01 8.44E-02 1.78E-01 
0.1524 7.46E-01 6.38E-01 4.61E-01 3.84E-01 
0.3048 7.81E-01 6.37E-01 5.61E-01 3.71E-01 
0.4572 5.83E-01 5.20E-01 4.45E-01 2.78E-01 
0.6096 3.10E-01 3.61E-01 3.20E-01 2.35E-01 
0.762 1.62E-01 2.63E-01 2.53E-01 2.00E-01 
0.9144 1.56E-01 1.59E-01 1.37E-01 1.67E-01 
1.0668 6.64E-02 1.38E-01 9.57E-02 1.07E-01 
1.2192 2.82E-02 4.00E-02 2.47E-02 8.33E-02 
1.3716 2.23E-03 3.53E-02 5.63E-02 7.58E-02 
1.524 0.00E+00 2.47E-02 3.15E-02 5.89E-02 
1.6764 0.00E+00 6.86E-03 1.68E-02 3.01E-02 
1.8288 0.00E+00 2.41E-02 1.03E-02 3.01E-02 
1.9812 1.57E-02 1.37E-02 7.76E-03 3.81E-03 
2.1336 0.00E+00 4.98E-03 0.00E+00 0.00E+00 
2.286 9.83E-04 0.00E+00 0.00E+00 0.00E+00 
2.4384 1.79E-02 0.00E+00 3.38E-03 8.81E-03 
2.5908 0.00E+00 0.00E+00 2.09E-02 3.65E-04 
2.7432 3.17E-03 0.00E+00 0.00E+00 0.00E+00 
2.8956 0.00E+00 4.04E-03 0.00E+00 0.00E+00 
3.048 5.99E-03 5.29E-03 0.00E+00 0.00E+00 
3.2004 0.00E+00 2.22E-02 0.00E+00 2.87E-03 
3.3528 2.10E-02 0.00E+00 2.68E-02 1.63E-02 
3.5052 0.00E+00 1.85E-03 1.59E-02 0.00E+00 
3.6576 3.92E-02 6.02E-04 2.13E-03 6.62E-03 
3.81 0.00E+00 1.44E-02 0.00E+00 2.24E-03 
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[Cs]o 
(μg/L) ln(C/Co) Time (hr) 
[Cs]o 
(μg/L) ln(C/Co) Time (hr) 
134 -0.40 1 0.26 -1.39 1 
134 -0.45 3 0.26 -1.51 3 
134 -0.44 6 0.26 -1.58 6 
134 -0.47 24 0.26 -1.87 24 
134 -0.53 96 0.26 -2.05 96 
134 -0.53 168 0.26 -2.17 168 
134 -0.72 696 0.26 -2.52 696 
13.2 -0.96 1 0.20 -1.32 1 
13.2 -1.02 3 0.20 -1.38 3 
13.2 -1.10 6 0.20 -1.56 6 
13.2 -1.29 24 0.20 -1.77 24 
13.2 -1.49 96 0.20 -1.96 96 
13.2 -1.56 168 0.20 -2.09 168 
13.2 -1.92 696 0.20 -2.31 696 
1.5 -1.44 1 0.09 -1.38 1 
1.5 -1.56 3 0.09 -1.53 3 
1.5 -1.66 6 0.09 -1.51 6 
1.5 -1.92 24 0.09 -1.87 24 
1.5 -2.12 96 0.09 -1.89 96 
1.5 -2.25 168 0.09 -2.13 168 
1.5 -2.56 696 0.09 -2.45 696 
Figure D13: Batch kinetic sorption experimental data for ln(C/C0) shown in Figures 





k’2 k’3 k’2r k’3r 
134 1.00E-05 2.00E-07 1.45E-05 2.22E-09 
13.2 3.00E-05 2.80E-07 9.50E-06 1.00E-09 
1.5, 0.26, 0.20, 
0.09 2.10E-05 1.55E-07 3.00E-06 1.11E-09 
Figure D14: Batch kinetic sorption forward and reverse reaction rate summary for 





k’1 k’2 k’3 k’1r k’2r k’3r 
134 1.10E-03 9.00E-05 5.00E-07 9.00E-05 8.00E-06 2.20E-09 
13.2 2.70E-04 7.58E-06 5.30E-07 1.50E-04 4.50E-06 1.90E-09 
1.5, 0.26, 
0.20, 0.09 3.80E-04 1.10E-05 5.80E-07 9.00E-05 4.00E-06 1.30E-09 
Figure D15: Batch kinetic sorption forward and reverse reaction rate summary for 
three-site model shown in Figure 18. 
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APPENDIX E 
Efficiency calibration discussion for 1-D gamma scanner 
The cesium spike solution used in the column transport experiment, which had a 
known activity concentration of 0.007 μCi/mL, was counted on the 1-D gamma scanner. 
This experiment had the exact geometry and count time as was used to analyze the 
columns so that the efficiency calculated from this experiment could be applied to the 
column scans. The efficiency was calculated using equation E1. 
Efficiency = 
𝑀𝑀𝑀𝑀𝑓𝑓𝑠𝑠𝑀𝑀𝑓𝑓𝑀𝑀𝑀𝑀 𝐶𝐶𝑠𝑠𝑀𝑀𝐶𝐶𝐶𝐶 𝑅𝑅𝑓𝑓𝐶𝐶𝑀𝑀 (𝐶𝐶𝐶𝐶𝐶𝐶)
𝐾𝐾𝐶𝐶𝑠𝑠𝐾𝐾𝐶𝐶 𝐴𝐴𝑓𝑓𝐶𝐶𝑠𝑠𝐴𝐴𝑠𝑠𝐶𝐶𝐴𝐴 𝑠𝑠𝑓𝑓 𝐶𝐶𝑓𝑓𝑚𝑚𝑆𝑆𝑠𝑠𝑀𝑀 (𝐵𝐵𝑎𝑎) (E1) 
The efficiency for this set up was calculated to be 2.63 x 10-5 CPS/Bq. The 
activity of each incremental scan of the soil columns could then be calculated by dividing 
the count rate from that measurement by this efficiency. Using the specific activity 
of 137Cs (88 Ci/g), the calculated activity in each incremental scan was then converted to 
a mass (M). The volume (V) measured in each increment, the known bulk density (ρb) 
and porosity (n) of the soil column, and the expected retardation factor (R) could then be 
applied in order to calculate [Cs]sorbed which is plotted in Figures 12 and 13 in text.  
[𝐶𝐶𝐶𝐶]𝑠𝑠𝑠𝑠𝑓𝑓𝑠𝑠𝑀𝑀𝑀𝑀 =
[𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡𝐹𝐹𝐹𝐹𝐹𝐹 𝐶𝐶𝐶𝐶]𝑠𝑠𝑠𝑠𝑓𝑓𝑠𝑠𝑀𝑀𝑀𝑀 ∗ 𝐶𝐶
𝜌𝜌𝑠𝑠 ∗ 𝑉𝑉
(E2) 
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